Abstract: Two cDNA clones for the large and small subunits of ADP-glucose pyrophosphorylase (AGPase), designated pvagpLl and pvagpSl, respectively, were isolated from developing seeds of kidney bean (Phaseolus vulgaris L.). Each deduced amino acid sequence showed significant identity (65-86%) with those of legumi nous AGPase large or small subunits. Northern blot analysis revealed that both mRNA species accumulated abundantly at the early-to mid-stages of seed development, indicating that both genes are synchronically ex pressed during seed maturation. Both gene products were also detected in leaves, stems and roots of kidney bean. In leaves, the pvagpLl mRNA level was constant during the diurnal cycle, whereas the pvagpSl mRNA level decreased markedly during the dark period. These results indicate that the pvagpLl and pvagpSl genes are differentially regulated by environmental and spatial conditions.
The sugar nucleotide, ADP-glucose, is the glucose do nor in the biosynthesis of starch and is formed from glucose-l-phosphate and ATP by ADP-glucose pyrophosphorylase (AGPase; glucose-l-phosphate adenylyltrans ferase, EC 2.7.7.27). The plant AGPase is a hetero tetrameric enzyme composed of two small and two large subunits encoded by different genes.1) The leaf isozymes are allosterically regulated in that their catalytic activities are activated by 3-phosphoglycerate (3-PGA) and inhib ited by inorganic phosphate (Pi).1) In addition to bio chemical regulation, AGPase activity is also regulated at the molecular level where AGPase gene expression is controlled by sucrose and/or light intensity.2-5) These ob servations indicate that plant AGPase activity which is one of the dominant control steps of transitory starch syn thesis is modulated by both transcription at the gene level and allosteric regulation at the enzyme catalytic level. We have undertaken a comprehensive study on starch biosyn thesis during seed development of kidney bean.6-11) Here we describe the isolation of cDNA clones encoding AGPase subunits from kidney bean and their gene expres sion profiles in plants.
Plant materials, total RNA species, and a cDNA library (A) Multiple sequence alignments were determined using the ClustalW program. The sequences were obtained from the GenBank/EMBL/ DDBJ databases: PvAGPL I and PvAGPS I from Phaseolus vulgaris (this work , AB 103472 and AB103473); PsagpL 1 , PsagpS 1 and PsagpS2 from Pisum sativum (X96766, X96764 and X96765); VfAGPC and VfAGPP from Vicia faha (X76940 and X76941); CagpLl , CagpL2, C agpS 1 and CagpS2 from Cicer arietinum (AF356002, AF356003 , AF356004 and AF356005). Residues showing more than 909 sequence identity among all subunits are indicated as white letters on a blue background . Residues showing more than 75% identity among large subunits (upper four sequences) and more than 85% identity among small subunits (lower seven sequences) are shown as white letters on a black and brown background, respectively. (B) Alignment of the putative mature sequences of leguminous AGPase small subunits was used to construct a phylogenetic tree. The dotted lines indicate the borders between types . The lower panel shows EtBr-stained total RNA profiles. transcripts during seed development were analyzed by Northern blot analysis (Fig. 2) . Steady state RNA levels for both genes attained their maximum levels at the early to mid-stage of seed development. Both transcripts were absent in mature seeds. These results suggest that AGPase large and small subunit genes are regulated by similar or identical process during seed development. Interestingly, these temporal RNA accumulation patterns precede the accumulation of starch in developing kidney bean seeds. In contrast, transcripts for the specific isozyme (SSII) of starch synthases that utilize ADP-glucose synthesized by AGPase as a substrate accumulate to their maximum lev els at the mid-to late-stage of kidney bean seed development (unpublished data) when starch synthesis is at their highest rates. Likewise, the mRNA levels of the specific starch-branching enzyme isozyme (PvSBE2) parallel the accumulated pattern of SSII.` Thus, although AGPase catalyzes the first committed step in starch biosynthesis, the rate limiting step may be catalyzed by other enzymes in the biosynthetic pathway.
The Psagpll mRNAs for pea AGPase large subunit were predominantly accumulated in sink organs such as pods and developing seeds.15) The CagpLl and CagpL2 mRNAs for chickpea large subunits were mostly found in leaves and seeds, respectively.'"' Unlike the accumulation patterns seen in these other legumes, the pvagpLl transcripts were also detected in leaves, stems, and roots (Fig. 3) . In leaves, no difference was found in mRNA lev els of pvagpLl during light/dark periods, whereas, in stems and roots, mRNA levels were much higher in the light than in the dark period. These results suggest that the pvagpLl gene expression is differentially regulated in the different organs of kidney bean. Moreover, in leaves the pvagpLl transcript levels are independent of the diur nal change of AGPase catalytic activity and, in turn, starch levels. In general, the diurnal oscillation of starch metabolism in leaves is accounted for by the allosteric regulation of AGPase. In the light, increase of 3-PGA lev els by net carbon fixation and decrease of Pi levels by photophosphorylation activate AGPase activity resulting in the promotion of transitory starch synthesis. In the dark, decrease of 3-PGA levels and increase of Pi levels inactivate AGPase activity and lead to conditions favoring net starch degradation. Therefore, pvagpL 1 transcript levels in leaves are independent of the diurnal change of AGPase activity.
The accumulation profiles of pvagpS I in leaves, stems and roots (Fig. 3) were similar to those of PsagpSl15) and VfAGPP,17) but different from those of the other legumi nous small subunits, such as Psagps2, VfAGPC, CagpS l and CagpS2 whose transcripts predominantly accumulate in seeds and pods . 15, 17, 18) In small subunits from pea and fava bean, members of each type show a very similar gene expression pattern. In contrast, despite the sequence of PvAGPS I being between the type I and 2 (Fig.1B) , the accumulation pattern of pvagpS1 mRNA was close to those of type 1 members. The levels of pvagpSI mRNA in leaves and stems during the light period were higher than during the dark period, suggesting that pvagpS1 tran script levels correspond to the changes in transitory starch levels. The Arabidopsis mutant adgl which encodes the 1. Appl. Glycosci., Vol. 50, No. 4 (2003) Relative transcriptlevel Relative level transcript(%) Fig. 3 . Accumulation of pvagpL 1 and pvagpS 1 transcripts in leaves, stems and roots during light/dark periods.
The upper two panels show Northern blots while the lower two panels show the relative accumulation levn lev accumulation lev IH image software using the hybridization signal detected from the mid-day leaf as the standard (100%). Each lane was loaded with 20 ,a g of total RNA isolated from leaves, stems and roots of kid ney bean plants harvested at mid day (D) or in the middle of the night (N). 
